INTRODUCTION
The Phlebovirus genus of the Bunyaviridae family consists of at least 31 distinct virus serotypes, which were formerly placed in the Phlebotomus fever group (PHL) of arthropod-borne viruses (Tesh et al., 1982) . The majority of these agents have been associated in nature with phlebotomine sandflies and only a few of them appear to be mosquito-borne (Tesh et al., 1975) . Phleboviruses share with other arboviruses the unique capacity to replicate equally well in two genetically and physiologically disparate phyla of the animal kingdom. Permissiveness of vertebrate cells for arboviruses is generally associated with acute cytocidal infection. Permissive arthropod cells, in contrast, display no detectable abnormalities and readily establish persistently infected cultures.
Investigation of the biological and biochemical characteristics of members of the PHL group has been hampered in many cases by their low virulence for animals and by tt/e lack of a good plaquing system. A new Phlebovirus (Toscana virus, TOS), isolated from Phlebotomusperniciosus collected in Italy, was readily propagated in both newborn mice and cell cultures (Verani et al., 1980) . During biological characterization of TOS virus, we observed a multiplicity-dependent interference phenomenon in virus stocks which had been passaged in Vero cells at different multiplicities of infection. We have obtained biological evidence that this interference is caused by defective-interfering (DI) particles of TOS virus (Verani et al., 1984) . DI particles have been found in every group of animal viruses which has been carefully examined for their presence. Since DI particles appear to reduce the replication of infectious virus and thereby inhibit the cell-killing effect of homologous lytic virus, they have been implicated in establishing and maintaining persistent infections both in vivo and in cultured cells for a number of viruses (Huang & Baltimore, 1970) . To our knowledge, among the Bunyaviridae, there are only one report of the generation of DI particles by the Bunyamwera virus of the genus Bunyavirus 0022-1317/84/0000-5881 $02.00 © 1984 SGM (Kascsak & Lyons, 1978) and one report of the establishment of persistent infection in vertebrate cells, probably mediated by DI particles, by the Dugbe virus of the genus Nairovirus (David-West & Porterfield, 1974) . Furthermore, Bunyaviridae share with those other virus systems which readily generate DI particles (Huang, 1973; Huang & Baltimore, 1977 ) the fact of having an RNA segmented genome (Bishop et al., 1980) . These considerations prompted us to establish persistent infections involving the Toscana Phlebovirus grown in mammalian cells. In this paper we describe the establishment and characteristics of persistent infection by this virus in Vero cells. Several factors which may be simultaneously involved in the regulation of virus persistence were analysed. Cells. Vero and LLC-MK-2 cells were grown in Eagle's minimum essential medium (MEM) with 10~ foetal calf serum (FCS) and maintained in MEM containing 2~ FCS.
METHODS

Viruses
Virus assays. Infectivity titrations were performed by plaque assay in Vero cells as described elsewhere (Verani et al., 1980) . The overlay consisted of 1 ~ tragacanth gum (Sigma) in MEM without phenol red with 5~ heatinactivated FCS. In the plaque assay for VSV, 1 ~ Noble agar was used instead of tragacanth gum. Virus plaques were counted after 2 days for VSV, 3 days for SIN, 4 days for BUN, 5 days for TAH, 7 days for TOS, SFS and TRB, and 11 days for SFN viruses. Fluorescent antibody technique. Ceils were grown on eight-chamber slides (Lab-Tek) and fixed in cold acetone.
Establishment of persistent infections. After initial infection of
An indirect procedure was used with an anti-TOS virus rabbit serum and fluorescein-conjugated goat anti-rabbit serum (Nordic).
InJectious centre assay. Persistently infected Vero cells were resuspended by trypsinization, washed three times in phosphate-buffered saline (PBS) and counted in a haemocytometer. The cells were diluted in PBS and plated on monolayers of normal Vero cells. After 1 h at 37 °C the cultures were overlaid as for virus assay. Normal Vero cells were processed in the same way 24 h after infection with TOS virus at 25 p.f.u./cell. Plaques were counted 7 days later after staining of the monolayers with 1 ~o crystal violet.
Interferon assay. Media from persistently infected cultures were collected, acidified with 1 M-HCI to a pH of 2, kept overnight at 4 °C and then neutralized with 1 M-NaOH. The undiluted medium was then placed on monolayers of both Vero and LLC-MK-2 cells overnight. The media were removed, the monolayers were washed twice with PBS and challenged with 80 p.f.u, of VSV. Interferon activity was determined by plaque reduction of the challenge virus. Media from Vero cells infected with 10 haemagglutinating units/106 cells of Newcastle disease virus (NDV), from LLC-MK-2 cells infected with NDV or with TOS virus, and fresh growth medium were pHadjusted as described and used as controls.
Temperature sensitivity. TOS virus stock and media from persistently infected cells were plaqued at 33 °C and at least 100 plaques for each virus were picked and immediately placed on to confluent monolayers of normal Vero cells in 96-well plates, which were then incubated at 33 °C until complete cytopathic effect (c.p.e.) was observed. Medium from each well was inoculated on to duplicate microtitre plates seeded with Vero cells and incubated at 33 °C and 39 °C. After 5 days, the degree of c.p.e, at the two temperatures of incubation was observed.
InterJerence assay. Cells and medium from confluent persistently infected cultures were frozen and thawed twice and cellular debris was removed by centrifugation (5000g for 30min). Material in the supernatants was concentrated by centrifugation at 80000 g for 2 h and the pellets were resuspended in 1/100 of the original volume. The assay was performed by the technique described by Kowal & Stollar (1980) with minor modifications. Duplicate monolayers of Vero cells in 24-well plates were co-infected with 0.1 ml of stock TOS virus (1 p.f.u./cell) and 0.1 ml of twofold dilutions of concentrated samples. Controls were infected in parallel either with 0.1 ml of stock TOS virus or with a mixture of TOS virus and medium from normal Vero cells concentrated as described. After 90 min at 37 °C, the monolayers were washed three times with PBS, and supplemented with maintenance medium. Incubation was continued for 48 h at 37 °C, after which the culture fluids were collected, clarified at 2500 g for 20 min and titrated by plaque assay in Vero cells.
RESULTS
Establishment and properties of pers&tently infected cultures
Starting from two high-titre plaque-purified virus stocks, two independent series of undiluted passages were made with Toscana virus in Vero cells with essentially identical results. Samples of culture medium were obtained before each passage and assayed for infectious virus by plaque assay. In Fig. 1 , the data obtained during one set of 24 undiluted passages are presented. The yield of infectious virus in the culture medium was rather high throughout the passage history with apparent periodic cycling and reached the lowest titre after 16 passages. During the first passages widespread c.p.e, developed in the cultures by 3 to 4 days after infection, whereas a graduai reduction in c.p.e, was observed with increasing passage number. After the initial lytic infection, cultures were fed continuously until clones of surviving cells emerged in many of them and eventually grew out to form a confluent monolayer. This occurred regularly after the 8th passage in both sets of cultures within 1 to 4 weeks after the initial infection. The confluent cultures were then transferred after trypsinization and subcultured when confluency was reached, usually every 4 or 5 days, at a split ratio of 1:2. In the first subcultures, most cells exhibited minimal cytopathology, which gradually disappeared until the cultures could not be distinguished from the original uninfected Vero cells. Data obtained during the establishment of two persistently infected cultures are shown in Table 1 . After the third transfer, cell cultures were shown to be persistently infected, as 8 out of 17 cultures of the first set of passages and 12 out of 20 cultures of the second set released infectious virus at a titre ranging from 10 o.6 to 104'7~ p.f.u./ml. For subsequent studies those cell lines releasing virus at high titre (more than 102 ) were chosen. Persistently infected cells have been maintained in culture for up to 77 passages: cells grow at a slightly reduced rate in comparison to normal Vero cells. They were stable to freezing in liquid nitrogen and retained viability and infectivity.
Titres of infectious virus rose and fell in the persistently infected cultures. 108 in lytic infections with standard TOS virus) and on some passages the titre dropped to levels undetectable by plaque assay. During the course of culturing, persistently infected cultures underwent 'crisis' stages, during which the cultures displayed severe c.p.e, and many of the cells died. In severe crises, greater than 50~ of the cells were lost. By frequent medium changes surviving ceils eventually regained confluency, generally by 1 to 2 weeks, and were found both to release infectious virus and to retain viral antigens by immunofluorescence. Such crises became less frequent after prolonged culturing. 
Superinfection of persistently infected cultures with homologous virus
The susceptibility of persistently infected cultures to superinfection with homologous virus was examined.
As shown in Table 2 , the replication of TOS virus was greatly reduced (approx. 3 to 4 log10 units) in persistently infected cultures in comparison to that in normal Vero cells. The yield of progeny virus was, however, regularly above the control (non-superinfected persistently infected cells) levels. Approximately the same yield reduction was obtained at lower and higher passage cultures, regardless of the level of virus released by the cultures. Even cells in passage culture (V-B8, passage 75) with no detectable background of released infectivity, yielded upon superinfection a small amount of progeny virus in comparison to that from normal Vero cells. The reduction of the yield of superinfecting virus was not affected whether it was measured 48 h after the challenge or at the time of the maximum c.p.e. (3 to 4 days).
Superinfection of persistently infected cultures with heterologous viruses
Persistently infected cultures were assayed I'or susceptibility to heterologous viruses in comparison with uninfected Vero cells. Both types of cultures were inoculated in parallel with different viruses and the parental cloned TOS virus. As shown in Table 3 , persistently infected cells were as sensitive as normal Vero cells in supporting the growth of viruses belonging to different families (Togaviridae, Rhabdoviridae, Reoviridae) or to virus belonging to a different genus of the same family (BUN, TAH and BHA viruses) . In contrast, the growth of the Phlebovirus SFN, which is antigenically indistinguishable from Toscana virus by complement fixation but distinct by neutralization test (Verani et al., 1980; Tesh et al., 1982) was inhibited in persistently infected cells (3.5 log10 units reduction) as was the growth of the homologous virus. In order to determine whether the specific resistance of persistently infected cells to superinfection by homologous and SFN viruses was the result of a failure of cells to absorb virus, we tested the residual infectivity in the virus inoculum after adsorption for 1 h at 37 °C to monolayers of persistently infected and normal Vero cells. Both TOS and SFN viruses were adsorbed to persistently infected cells with an efficiency not significantly different from that of adsorption to normal uninfected cells (data not shown).
Absence of interferon production in persistently infected cells.
The results of superinfection experiments (Table 3) , showing complete permissiveness of persistently infected cultures to replication of different heterologous viruses, are indicative of the absence of interferon production in the system. Furthermore, Vero cells have been reported to be incapable of producing interferon (Desmyter et al., 1968) . To confirm this hypothesis, culture supernatants from different persistently infected cultures at different passage levels were assayed for the presence of interferon. No activity was demonstrated in any of the samples. Additionally, neither uninfected nor persistently infected Vero cells produced detectable interferon after infection with NDV. In the same conditions, both TOS virus and NDV were able to induce interferon production in a suitable cell system (LLC-MK-2) (data not shown)i.
Temperature sensitivity
Several reports have described the evolution of temperature-sensitive mutants during persistence by many lytic viruses (Igarashi et al., 1977; Preble & Youngner, 1975) . To determine whether these phenotypic changes accompanied TOS virus persistence in this system, a number of experiments were done. In one instance, individual plaques formed at 33 °C by standard cloned TOS virus or by virus released from persistently infected cultures (at high passages) were picked and tested for temperature sensitivity as described in Methods. No plaques showing temperature sensitivity were detected. In the second type of experiment, the effect of incubation temperature on plaque formation by virus released from persistently infected cultures was determined. Supernatants from different cultures were plaque-assayed at 33, 37 and 39 °C. The non-permissive temperature of 39 °C was decided by determining the highest temperature at which TOS virus would reproducibly form plaques in Vero cells. Plaquing efficiency was not significantly different at the three temperatures tested, since no differences greater than 0.6 loglo were observed in the infectivity titres at all temperatures tested.
Further evidence for the lack of temperature sensitivity in virus from persistent infections was demonstrated by growing duplicate persistently infected cultures at 37 and 39 °C for five passages. No significant differences in amount of virus released were detected at the two temperatures. Incubation at 39 °C, however, resulted in a progressively reduced growth of persistently infected cultures (data not shown).
Interference activity of virus produced by persistently infected cultures
Virus produced by persistently infected cultures was tested for its capacity to interfere with replication of standard TOS virus. Samples were collected from persistently infected cells at late passage levels and the virus was concentrated to achieve a sufficiently high m.o.i. Co-infection of normal Vero cells with a mixture of concentrated persistent virus and cloned TOS virus resulted in a decrease of 95 to 98 ~ in the titres of virus released after 48 h, as compared to the titre of virus released from cells infected with cloned TOS virus alone. The interference activity was proportional to the amount of persistent virus added. In fact, co-infection with decreasing amounts of persistent virus resulted in a progressively less pronounced extent of total virus yield reduction. A 78 to 82~ reduction in infectious yield was observed after a 1 : 16 dilution of the persistent virus.
DISCUSSION
The necessary condition for the establishment of persistent infections in cultured cells by normally cytolytic viruses is an inhibition of the rate of virus multiplication at the early stages of infection which allows survival of the infected cells. This may be achieved through the action of DI particles, interferon, mutations in the standard virus (particularly ts mutants) or inherent resistance of the cell to the virus (Huang & Baltimore, 1970; Friedman & Ramseur, 1979; Preble & Youngner, 1975; Weiss et al., 1980) . The importance of these factors may vary in different virus-host systems. Once the persistent state is established, the evolution of the culture probably depends upon which factor or factors regulate the state (Meinkoth & Kennedy, 1980; Kawai et al., 1975; Holland et al., 1976; Pringle, 1979) .
The present study describes persistent infections of Vero cells with the normally cytolytic Toscana virus of the genus Phlebovirus. Infection was initiated with virus stocks freshly derived from cloned virus and passaged at a low m.o.i. Persistence occurred when the virus was passaged undiluted (i.e. at high multiplicity) several times in Vero cells. This is a well-known experimental method for accumulating DI particles (Huang, 1973) . In those cultures where reduced virus multiplication occurred a few cells survived and grew out to form confluent monolayers. Distribution of viral antigens in the cytoplasm, as measured by immunoftuorescence, resembled that of standard infection. The number of persistently infected cells possessing viral antigens was shown to vary considerably. Even when most cells showed positive fluorescence, however, only a small percentage of cells released infectious virus. One explanation for this observation may be that defective viruses and viral components that do not mature to infectious forms were present within, and released from the cells.
Temperature sensitivity was ruled out as a possible mechanism for establishment and/or maintenance of persistence in this system. Data presented here demonstrate that persistently infected cells were resistant to superinfection with standard TOS virus. This resistance was not dependent on the level of infectious virus released by the cells, or to an inability of TOS virus to adsorb to the persistently infected cells. Nor did it seem to be attributable to interferon production, since (i) persistently infected cells were susceptible to superinfection with heterologous viruses and (ii) no interferon activity was detected in the supernatants of persistently infected cells. The virus from persistently infected cells interfered with replication of standard TOS virus when they coinfected normal cells. The interfering factor was particulate, since it sedimented under the centrifugation conditions required to pellet infectious virus. Although the nature of the interfering factor was not defined in molecular terms, it is compatible with the biological behaviour of DI particles. DI particles were suggested as possible agents of persistence by Huang & Baltimore (1970) . Recently, Holland et al. (1980) have reviewed a number of different DI particle-induced persistent infections of vertebrate ceils in culture, and proposed a set of defining characteristics for them. The characteristics of TOS virus persistently infected Vero cells, as described in this study, are compatible with some of the characteristics of DI particlemediated persistence of other viruses. Newton et al. (1981) compared the replication of Bunyamwera virus in vertebrate and invertebrate cells and concluded that the outcome of arbovirus infection, either cytocidal or persistent infection, is determined by the rate of synthesis of virus-coded proteins within the infected cells. The studies reported here did not include viral protein synthesis in lytic and persistent infections with TOS virus. We obtained, indeed, several persistently infected cell lines from cells surviving lytic infection and therefore it is possible that a small subpopulation of cells capable of reduced viral protein synthesis was selected. Nevertheless, persistently infected cell lines were obtained regularly following several undiluted viral passages. These data would seem to be more compatible with a model involving virus-altered cytopathology.
In order to define clearly the factors that are important in the establishment and maintenance of persistence with TOS virus, studies are under way to determine viral RNA and protein patterns in persistent as well as in standard infections.
